INTRODUCTION
============

Dyslipidemia and diabetes mellitus play important roles in clinical medicine since both are well established cardiovascular risk factors and their treatment translates into clinical benefit. Many patients with type 2 diabetes have dyslipidemia and it is believed that this dyslipidemia is important in mediating the cardiovascular risk in diabetes. Therefore, diabetic dyslipidemia has been the main focus of discussions regarding the interaction between glucose and lipid metabolism. However, the link between glucose and lipid metabolism is much more complex ([Table 1](#T1){ref-type="table"}). This is not surprising considering the fact that both, lipids and glucose play an important role in energy metabolism and that both are regulated by the liver.

It is well known that diabetic patients often present with a typical dyslipidemia, characterized by elevated triglycerides, low high density lipoprotein cholesterol (HDL-C) and predominance of small-dense low density lipoprotein (LDL) particles. However, newer research indicates that these lipid changes may not only be the consequence of diabetes but may also cause disturbances of glucose metabolism. Studies presented during the last decade have shown that statin therapy, one of the most potent strategies to prevent cardiovascular disease increases the risk for new onset diabetes and that at the same time patients with familial hypercholesterolemia have a decreased risk for type 2 diabetes. Whether there is also relationship between lipoprotein(a) and diabetes is still a matter of debate.

This review article will summarize our current knowledge on these topics and discuss them from a clinical point of view.

DIABETIC DYSLIPIDEMIA
=====================

The majority of patients with type 2 diabetes exhibit a dyslipidemia which is characterized by elevated triglycerides, low HDL-C and the predominance of small-dense LDL particles \[[@B1]\]. Although not all diabetic patients show all manifestations, 60% to 70% of patients show at least some lipid abnormality. This dyslipidemia presents a major (probably the most important) link between diabetes and cardiovascular disease. The characteristic lipid changes are not only seen in patients with overt diabetes but also in patients with metabolic syndrome and are therefore believed to reflect insulin resistance rather than hyperglycemia \[[@B2]\]. Furthermore, it is also known that good glucose control improves dyslipidemia but does not eliminate it. The dyslipidemia is based on inflammatory processes and on flooding of the body with energy rich substrates which then results in hepatic and intestinal lipoprotein overproduction leading to hypertriglyceridemia \[[@B3][@B4]\]. The elevated concentration of triglyceride-rich lipoproteins leads to an increased catabolism of HDL (resulting in low HDL-C) and a shift in the LDL phenotype towards small dense LDL which are more atherogenic then \"normal\" LDL \[[@B5][@B6]\].

Although hypertriglyceridemia and low HDL-C may be the dominant abnormality, patients benefit most from lowering low density lipoprotein cholesterol (LDL-C). Many studies have shown that diabetic patients experience the same risk reduction from statin based LDL-C lowering as non-diabetic patients \[[@B7]\]. Therefore the primary strategy is to achieve the LDL-C goal \[[@B8]\]. This goal is \<70 mg/dL (\<1.8 mmol/L) in diabetic patients with additional cardiovascular risk factors or atherosclerotic disease. The goal is \<100 mg/dL (\<2.3 mmol/L) in all other diabetic patients. If statins are not sufficient to reach this goal then combination therapy with ezetimibe should be used \[[@B9]\]. The recently published data on the IMPROVE-IT (IMProved Reduction of Outcomes: Vytorin Efficacy International Trial) trial indicate that diabetic patients may particularly benefit from statin ezetimibe combination. Whether and how hypertriglyceridemia often observed in diabetic patients should be treated with additional fibrates or omega-3-fatty acids is still a matter of debate \[[@B10]\]. Large outcome trials have been negative but these trials were flawed by methodological problems \[[@B11][@B12][@B13]\]. In our department, we first try to achieve the LDL-C goal and then consider additional fibrates or additional omega-3 fatty acids in very high risk patients with elevated triglycerides. Although outcome trials were negative subgroup analyses and a meta-analysis indicate that diabetic patients may benefit from such a strategy \[[@B14]\].

LIPID CHANGES CAUSING TYPE 2 DIABETES
=====================================

In recent years it was recognized that lipid changes may not only be a consequence of impaired glucose metabolism but also cause them. Hypertriglyceridemia and low HDL-C are important in that context. Elevated levels of triglycerides lead to elevated levels of free fatty acids which may induce insulin resistance and β-cell dysfunction \[[@B15][@B16]\]. Although the exact mechanisms are only partially understood it seems that elevated concentrations of free fatty acids disrupt or modulate the cascade linking insulin receptors with glucose transporters and impair the normal function of the β-cell \[[@B17]\]. Furthermore, free fatty acids are important modulators of inflammation. Therefore hypertriglyceridemia may induce subclinical inflammation which then leads to insulin resistance and β-cell dysfunction. The fact that hypertriglyceridemia can worsen glucose metabolism is clinically important as it explains why it is more difficult to control hyperglycemia in patients with hypertriglyceridemia compared to those with normal triglyceride values. It also explains why patients usually require less intensive antidiabetic treatment once hypertriglyceridemia has resolved.

More recently it was shown that also HDL may directly affect glucose metabolism \[[@B18]\]. In a study evaluating the cholesterylester transfer protein inhibitor torcetrapib it was observed that higher HDL-C concentrations were associated with less hyperglycemia \[[@B19]\]. Also it was demonstrated that the infusion of recombinant HDL can improve glucose metabolism in patients with type 2 diabetes \[[@B20]\]. Since then a number of studies have tried to shed light on the underlying pathophysiology and several mechanisms were identified ([Fig. 1](#F1){ref-type="fig"}) \[[@B21][@B22]\]. HDL induce reverse cholesterol transport and the altered intracellular lipid environment is believed to reduce micro-inflammation. Furthermore, direct anti-inflammatory properties of HDL may also play a role.

Recently it was shown in an animal (mouse) model that apolipoprotein A1 (apoA1) knock-out results in a clinical picture resembling metabolic syndrome while apoA1 overexpression improves glucose metabolism and results in a higher lean body mass and a higher expression of mitochondrial ATP synthase ([Fig. 2](#F2){ref-type="fig"}) \[[@B21]\]. Interestingly, in the same model apoA1 overexpression could also prevent diet induced obesity. Although rodent and human lipoprotein metabolism differs considerably these findings may also help to explain the interaction of HDL and glucose metabolism in humans.

From a clinical point of view it is relevant that dyslipidemia may not only be a consequence but also a cause of glucose dysregulation. This would indicate that subjects with low HDL-C are at higher risk of developing type 2 diabetes. The same holds obviously true for patients with hypertriglyceridemia.

STATINS AND NEW ONSET DIABETES
==============================

It was first observed in the JUPITER (Justification for the Use of Statins in Primary Prevention: An Intervention Trial Evaluating Rosuvastatin) trial that patients receiving high dose rosuvastatin have a higher risk for developing type 2 diabetes compared to those receiving placebo \[[@B23]\]. This contrasted with earlier studies were no such effect or even a protective effect (The West of Scotland Coronary Prevention Study, WOSCOP study) was observed \[[@B24]\]. Following the WOSCOP study a number of smaller trials tried to clarify the effect of statins on insulin resistance and insulin secretion without giving clear results \[[@B25]\].

After the JUPITER trial many data sets were reanalyzed and it was shown that the risk for new onset diabetes is increased with statin therapy. The increased incidence was confirmed in the Women\'s Health Initiative (odds ratio \[OR\], 1.7) \[[@B26]\] and also in a Finish observational study evaluating almost 8,500 nondiabetic men (OR, 1.24) \[[@B27]\] as well as in a number of meta-analyses. One such meta-analysis evaluated whether reaching certain LDL-C levels is associated with an increased risk for type 2 diabetes. It was shown that the OR for developing diabetes is 1.33 in those reaching an LDL-C \<70 mg/dL (\<1.8 mmol/L), while the OR is 1.16 in those achieving an LDL-C between 70 and 100 mg/dL (1.8 and 2.3 mmol/L) and not elevated in those with LDL-C above 100 mg/dL (2.3 mmol/L) \[[@B28]\]. Further analyses then indicated that the risk for new onset diabetes holds probably true for all statins and occurs in a dose dependent fashion ([Table 2](#T2){ref-type="table"}) \[[@B29]\].

Although all statins may induce type 2 diabetes risk may be particularly high with atorvastatin and rosuvastatin and less so with pravastatin and lovastatin. These differences probably reflect differences in potency, lipophilic/hydrophilic properties and organ specificity. Generally, higher doses of statins increase the risk more than lower doses \[[@B30]\]. It was also shown that patients with metabolic syndrome have the highest risk for developing diabetes during statin therapy. The underlying mechanism is not completely understood but current evidence indicates that it may either be the modulation of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)-reductase or the low LDL-C itself that induces these changes in glucose metabolism ([Fig. 3](#F3){ref-type="fig"}). There is, however, no evidence that statins directly impact on glucose metabolism. Very interesting genetic data indicate that mutations which decrease the activity of HMG-CoA-reductase are associated with lower LDL-C and lower cardiovascular risk but also with higher body weight, higher plasma glucose concentrations and higher risk for diabetes \[[@B31]\]. Interestingly statin therapy is also associated with a slight but significant increase in body weight (0.24 kg) \[[@B31]\]. Since statins inhibit HMG-CoA reductase it could be hypothesized that modulation of HMG-CoA reductase activity affects glucose metabolism. However, the observation could also relate to a more general phenomenon, namely that the lipid concentration in certain intracellular compartments modulates glucose metabolism. In the liver and in the muscle this may result in a reduced insulin effect while in the β-cells of the pancreas this results in dysregulation of insulin secretion.

Interestingly, ezetimibe (at least in addition to statins) and proprotein convertase subtilisin/kexin type 9 (PCSK9) antibodies do not seem to have an impact on glucose metabolism \[[@B9][@B32][@B33]\]. This would indicate, that the increased risk is primarily related to modulating the activity of HMG-CoA-reductase.

The clinical significance of the observed increased risk for new onset diabetes with statin therapy is unclear as in most situation benefit of statin induced LDL-C lowering dramatically outweighs the risk of new onset diabetes. Furthermore, statin therapy decreases overall mortality in primary and secondary prevention settings. Nevertheless, it may be prudent to evaluate glucose levels regularly in patients with metabolic syndrome on higher doses of statins.

FAMILIAL HYPERCHOLESTEROLEMIA AND TYPE 2 DIABETES
=================================================

In recent years patients with familial hypercholesterolemia have returned into the focus of lipidology \[[@B34][@B35]\]. Familial hypercholesterolemia can be caused by mutations affecting the LDL-receptor gene, the gene encoding apolipoprotein B, the protein binding to the LDL-receptor, or the gene encoding PCSK9, a regulator of LDL-receptor recycling \[[@B34][@B35]\]. All mutations result in a decreased catabolism of LDL-particles through the LDL-receptor. The decreased catabolism of LDL directly translates into elevated LDL-C levels. The elevated cholesterol levels are causally linked to cardiovascular disease. In addition, the elevated concentration of plasma lipoproteins can result in the deposition of lipids in a number of other organs resulting in the formation of xanthomas and arcus lipoides. Thus, patients with familial hypercholesterolemia are characterized by elevated LDL-C plasma concentration, premature cardiovascular disease, skin manifestation and usually a strong positive family history for hypercholesterolemia and atherosclerotic disease. The risk for cardiovascular events in affected individuals is approximately 10 to 20 folds higher than in those not affected \[[@B36]\]. A number of studies have shown that LDL-C lowering therapy with statins can dramatically improve the prognosis of these subjects \[[@B37][@B38]\]. It is therefore recommended that statin therapy is initiated early in life (childhood or young adulthood) with some variation depending on the LDL-C level, the family history and the presence of additional risk factors \[[@B34][@B35]\].

Considering the increased risk for new onset diabetes associated with statin therapy it is of particular interest to evaluate how familial hypercholesterolemia and its treatment is linked to glucose metabolism. In a Dutch study it was recently demonstrated that the prevalence of type 2 diabetes in patients with familial hypercholesterolemia was significantly lower than among unaffected relatives ([Table 3](#T3){ref-type="table"}) \[[@B39]\]. It was shown that patients with familial hypercholesterolemia have an almost 40% reduction in relative risk (prevalence of type 2 diabetes 1.75% in familial hypercholesterolemia and 2.93% in unaffected relatives). After adjusting for potential confounders such as age, body mass index, statin use, etc., the relative risk was even further decreased (OR, 0.49). Furthermore this association seemed dose dependent since patients with a LDL receptor mutation had the lowest diabetes prevalence while those with apoB mutations (which usually have lower LDL-C concentrations) were at intermediate risk. Similarly, LDL receptor negative carriers (highest LDL-C concentration) had a lower risk than LDL receptor defective carriers. These data confirm previous smaller studies \[[@B40]\].

This raises again the question which mechanisms mediate this observation. Due to the decreased uptake of LDL via the LDL-receptor in familial hypercholesterolemia, cholesterol concentration may be lower in certain intracellular compartments. At the same time HMG-CoA-reductase activity may be increased \[[@B41]\]. Both phenomena are opposite to those observed during statin therapy. This indicates again that either the modulation of HMG-CoA-reductase or the intracellular lipid concentration is directly linked to glucose metabolism.

Considering the increased risk for new onset diabetes associated with statin therapy it is obviously of interest to evaluate whether patients who receive statins for most of their lives are also characterized by changes in glucose metabolism. Recent analyses indicate that in patients with familial hypercholesterolemia long-term statin therapy is not associated with an increased risk for new onset diabetes \[[@B42]\]. Kusters et al. \[[@B43]\] followed children with familial hypercholesterolemia and their non-affected siblings and did not find a difference in new onset diabetes over a period of 10 years. Similarly Skoumas et al. \[[@B44]\] reported 10-year data in adult patients with familial hypercholesterolemia and again did not find the diabetes risk being increased by statin therapy. From the available data it is however unclear whether statin therapy \"increases\" diabetes risk from subnormal levels to normal levels in familial hypercholesterolemia patients or whether the risk remains decreased.

In summary these data indicate that patients with familial hypercholesterolemia have a decreased risk for diabetes mellitus and that statin therapy in familial hypercholesterolemia patients is not associated with an increased risk for new onset diabetes. As outlined above this contrasts with non-familial hypercholesterolemia populations where statin therapy is associated with new onset diabetes in a dose-dependent manner.

These findings have considerable clinical impact as there was some concern in the past about treating patients with familial hypercholesterolemia, especially children, with statins for decades. However, these data indicate that such therapy does not increase the risk for type 2 diabetes.

LIPOPROTEIN(A) AND GLUCOSE METABOLISM
=====================================

Whether or not lipoprotein(a) concentrations or metabolism is related to disturbances of glucose metabolism or development of type 2 diabetes is still a matter of debate. Some studies report a negative relationship between lipoprotein(a) concentrations and the incidence of type 2 diabetes \[[@B45]\] others show a strong positive association \[[@B46]\] and again others no association \[[@B47]\]. The relationship between elevated lipoprotein(a) and glucose metabolism is further complicated by the fact that lipoprotein(a) concentration itself is weakly correlated with other lipid abnormalities. Thus, lipoprotein(a) concentration is positively correlated with apoB100 levels and non-HDL-C concentration and inversely correlated with triglyceride concentrations \[[@B48]\]. Thus, it could be that lipoprotein(a)-concentrations and glucose metabolism are not directly linked to each other but that the associations observed in some studies reflect indirect aspects.

CONCLUSIONS
===========

Glucose and lipids are both important components of energy metabolism. It is therefore not surprising that glucose metabolism and lipid metabolism are closely linked to each other. This has important clinical implications. Thus, diabetic patients are characterized by a typical dyslipidemia which is closely linked to the cardiovascular disease in these patients. However, hypertriglyceridemia and low HDL-C may also induce disturbances of glucose metabolism and may thus be the consequence and the source of hyperglycemia. Surprisingly, statin therapy is associated with a small but significant increase in the rate of new onset diabetes but benefit of statin therapy outweighs risk in almost all clinical situations. Finally, patients with familial hypercholesterolemia have a decreased risk of type 2 diabetes which depends on the severity of the LDL elevation (the higher the LDL-C the lower the risk). It is important to understand the underlying pathophysiology to better address the clinical aspects and to develop new strategies against dyslipidemia and diabetes.
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![High density lipoprotein (HDL) may be linked to glucose metabolism in multiple ways. HDL (at least certain subtypes) have direct anti-inflammatory properties. HDL are also the central component of reverse cholesterol transport and mediate cholesterol efflux from many tissues. This may change the micro environment such that insulin sensitivity and insulin secretion improve.](dmj-39-353-g001){#F1}

![Animal studies indicate that knock-out and overexpression of apolipoprotein A1 (apoA1) affect many metabolic pathways related to diabetes development \[[@B21]\]. Whether the results observed in rodents are also valid in humans is unknown. HDL, high density lipoprotein; HbA1c, glycosylated hemoglobin.](dmj-39-353-g002){#F2}

![Statin therapy is associated with a small increase in new-onset diabetes type 2. The underlying pathophysiology is not well understood. A number of different mechanisms may lead to decreased insulin sensitivity and altered β-cell function. In predisposed subjects this may induce the manifestation of type 2 diabetes. HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A.](dmj-39-353-g003){#F3}

###### Selected aspects of clinically relevant interactions between glucose and lipid metabolism

![](dmj-39-353-i001)

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Condition                                    Observation                                                                                             Underlying pathophysiology                                                                                                                                                                     Clinical relevance
  -------------------------------------------- ------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------
  Diabetic dyslipidemia                        Elevated triglycerides\                                                                                 Due to inflammation and excessive availability of energy-rich substrates (glucose and/or free fatty acids) increased production of triglyceride-rich lipoproteins (fasting and postprandial)   Very important link between diabetes and cardiovascular risk; primary goal: treat LDL-C to target
                                               Low HDL-C\                                                                                                                                                                                                                                                                                             
                                               Small-sense LDL particles                                                                                                                                                                                                                                                                              

  Dyslipidemia affecting glucose metabolism    Elevated triglycerides may deteriorate glucose metabolism                                               Elevated triglycerides → FFA → inflammation → increased insulin resistance/impaired β-cell function                                                                                            Improving lipid metabolism may help to improve diabetes control; diabetic patient may need less antidiabetic therapy once lipids are normalized

                                               Low-HDL-C may deteriorate glucose metabolism                                                            Low-HDL → less anti-inflammatory activity and less reverse cholesterol transport → altered microenvironment? → increased insulin resistance/impaired β-cell function                           

  Statins and new onset diabetes               Statin therapy leads to slightly increased risk in new onset type 2 diabetes                            Probably indirect effect\                                                                                                                                                                      Patients with risk factors for diabetes are particularly susceptible; check glucose in patients on statin therapy
                                                                                                                                                       Due to inhibition of HMG-CoA reductase?\                                                                                                                                                       
                                                                                                                                                       Due to changes of intracellular lipid concentrations?                                                                                                                                          

  Familial hypercholesterolemia and diabetes   Patients have a decreased risk for diabetes (dose-dependent: the higher the LDL-C, the less the risk)   Due to changes of intracellular lipid concentrations?\                                                                                                                                         Unknown\
                                                                                                                                                       Due to increased HMG-CoA reductase activity?                                                                                                                                                   Statin therapy does not increase risk for new onset diabetes in patients with familial hypercholesterolemia
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; FFA, free fatty acid; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A.

###### Association of different statins and development of diabetes \[[@B29]\]
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  Statin         OR     95% CI
  -------------- ------ -----------
  Atorvastatin   1.14   0.89-1.46
  Simvastatin    1.11   0.97-1.26
  Rosuvastatin   1.18   1.04-1.33
  Pravastatin    1.03   0.90-1.19
  Lovastatin     0.98   0.70-1.38
  Overall        1.09   1.02-1.17

OR, odds ratio; CI, confidence interval.

###### Association between type 2 diabetes mellitus and familial hypercholesterolemia \[[@B39]\]
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                    Adjusted OR
  ----------------- -------------
  Not affected      1
  All affected      0.49
  apoB mutation     0.65
  LDL-R mutation    0.45
  LDL-R defective   0.49
  LDL-R negative    0.38

OR, odds ratio; apoB, apolipoprotein B; LDL-R, low density lipoprotein receptor.
